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Murine T  lymphocytes have been shown to release a  variety of lymphokines upon 
antigenic or mitogenic stimulation  (1).  These  comprise  factors such  as  interleukin  2 
(IL-2; 1 also known as T  cell growth factor)  (2)  and B cell helper factor (3), which act 
directly on lymphocytes, and others, including macrophage-activating factor (MAF) 
(4), granulocyte-macrophage colony-stimulating factor (GM-CSF)  (5), and interferon- 
y  (6), which act on other leukocytes.  However, it remains  to be clarified  whether all 
T  lymphocytes  can  secrete  these  activities  or  whether  different  lymphokines  are 
produced  by  distinct  lymphocyte  subsets.  Although  recent  studies  from  several 
laboratories  (7-9),  including our own  (10,  11),  have  demonstrated  lymphokine  pro- 
duction  by cloned T  cell  lines,  the limited  number  of clones tested  to date  and  the 
possibility  of selection  imposed  by extended  culture  make it  difficult  to extrapolate 
these results to the normal T  cell population. 
Analysis of the frequency of normal T  lymphocytes that respond to alloantigens or 
mitogens  can  now  be  carried  out  in  limiting  dilution  microcuhures  supplemented 
with  irradiated  "feeder"  cells and  a  source of IL-2  (12).  In our own studies  (13),  we 
used this method to quantitate precursors of cytolytic T  lymphocytes (CTL-P) and of 
other  proliferating  noncytolytic T  cells  that  respond  to  allogeneic  stimulation.  We 
now  report  the  extension  of this  approach  to  the  simultaneous  assessment  of the 
frequencies of precursors of T  lymphocytes producing three independent lymphokines, 
IL-2,  MAF,  and  GM-CSF,  in  the  same  series  of microcuhures.  Furthermore,  by 
combining  the  limiting  dilution  system  with  positive  selection  on  a  fluorescence- 
activated cell sorter (FACS), it has been possible to assess directly the Lyt-2 phenotype 
of these precursors of lymphokine-secreting T  cells. 
* Supported by a grant from the Swiss National Foundation for Scientific Research. 
1  Abbreviations used in this paper:  CTL-P, cytolytic T lymphocyte precursor; EL-4 SN, EL-4 thymoma 
supernatant;  FACS, fluorescence-activated cell sorter; FCS, fetal calf  serum; GM-CSF,  granulocyte- 
macrophage colony-stimulating factor; IL-2, interleukin 2; MAF, macrophage-activating factor; 2  ° MLC 
SN, secondary mixed leukocyte culture supernatant;  SN, supernatant(s). 
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Materials and Methods 
Mice.  Adult female C57BL/6  (H-2  b, Mls  b)  and DBA/2  (H-2  a, Mls  a)  mice were obtained 
from the animal colony of the Swiss Institute for Experimental Cancer Research, Epalinges, 
Switzerland. 
Cell Suspensions.  Spleen  cell  suspensions were  prepared  in  Dulbecco's modified  Eagle's 
medium supplemented with additional amino acids,  10 mM Hepes, 5 ×  105 M 2-mereaptoeth- 
anol  (culture medium), and  2%  heat-inactivated fetal  calf serum  (FCS)  as  described  (14). 
Spleen cells were depleted of T  lymphocytes or Lyt-2-bearing cells by treatment with mono- 
clonal rat anti-Thy-l.2  or anti-Lyt-2 reagents (AT83 and 3.168.81, provided by Dr. F. W. Fitch, 
University of Chicago, Chicago, IL)  and complement, as  described elsewhere  (15). Positive 
selection of Lyt-2  ÷ and Lyt-2- lymphocytes was performed, as  previously described (15), by 
staining nylon wool column-purified spleen cells (16) (recovery  20-32%)  with rat monoclonal 
anti-Lyt-2 antibody (53-6.7, provided by Dr. J. A. Ledbetter, Genetic Biosystems  Inc., Seattle, 
WA) and fluorescein-conjugated  mouse anti-rat Ig; cells were sorted on the basis of fluorescence 
using a  FACS II  (B-D  FACS Systems,  Becton, Dickinson & Co.,  Sunnyvale, CA)  gated to 
exclude nonviable cells. 
Mixed Leukocyte Microcultures.  Microcultures were prepared,  as detailed elsewhere  (13),  in 
culture medium supplemented with 10% FCS and 0.5% IL-2-containing  supernatant prepared 
from an EL-4 thymoma subline, provided by Dr. J. J. Farrar (NIH, Bethesda, MD) (EL-4 SN) 
(17). Limiting numbers of C57BL/6 responder cells were cultured (24-32 microcuhures per cell 
dose) with 0.5-1  ×  106 2,000 rad-irradiated T  cell-depleted DBA/2 spleen stimulator cells in 
200/~1 in round-bottomed microwells (Greiner, Niirtingen, Federal Republic of Germany) and 
incubated at 37°C in a humidified atmosphere of 5% CO2 in air. After 7-9 d, cultures were 
scored  microscopically for  growth.  Microcultures were  divided  into  two  aliquots,  one  for 
cytolytic assay and the other for restimulation to prepare SN for lymphokine assay; Microcul- 
tures were restimulated by washing twice to remove EL-4 SN and adding 0.5-1 ×  10  irradiated 
T  cell-depleted DBA/2  spleen  cells  in  200  /~1  culture  medium with  5%  FCS.  After  24-h 
incubation, plates were centrifuged and 150/~1 of SN removed. 
Cytolytic Assay.  Cytolytic activity was determined, as previously described (14), by incuba- 
tion of an aliquot of each microculture (50/~1 or 100/tl) with 2 ×  10  a 51Cr-labeled P815 tumor 
cells in 200/~1 for 3.5 h. Plates were centrifuged and  100/11 of supernatant was removed for 
counting of gamma emission. 
Assay for IL-2.  IL-2 activity in microculture SN was  measured in either of two ways.  (a) 
Based  on the  assay  originally described by Gillis et  al.  (2), 4  ×  10  a cells  of a  cloned IL-2- 
dependent  T  cell  line  (either  BD.2.10,  provided  by  Dr.  M.  Nabholz,  Swiss  Institute for 
Experimental Cancer Research,  Epalinges, Switzerland, or CTLL,  provided  by  Dr.  K.  A. 
Smith, Dartmouth Medical School,  Hanover, NH)  were washed extensively and incubated 
with 30 /tl SN in a  total of 100/tl culture medium with 5% FCS at  37°C in flat-bottomed 
microwells (3596; Costar, Data Packaging, Cambridge, MA). After 24 h,  1 /~Ci methyl-[3H]  - 
thymidine (2.0 Ci/mmole; Amersham International Ltd., Amersham, England) was added for 
a further 4-5 h. Cells were harvested onto filter paper strips using an automated cell harvester 
(Dynatech Produkte AG, Kloten, Switzerland) and counted in a liquid scintillation  fl counter. 
(b) 2 ×  l0  S cells of an H-2Dd-reactive CTL clone L3C5 (18), whose proliferation is dependent 
on IL-2, were incubated with 50/~1 SN in a total of 100/~1 culture medium with 5% FCS at 
37°C for 3 d. Cytolytic activity, which is proportional to L3C5 cell number and hence to IL-2 
concentration (19), was then measured by incubation of the surviving cells with 2 ×  l0  S 51Cr- 
labeled P815 tumor cells for 3.5 h, as described above. 
Assay for MAF.  MAF activity was measured, as described elsewhere  (11), in a 5aCr release 
assay for tumoricidal activity of bone marrow-derived macrophages (20). Briefly,  monolayers 
prepared by seeding 5 ×  104 C57BL/6 macrophages in flat-bottomed microwells (Costar, Data 
Packaging) were cultured for 24 h with test microculture SN (50/~1) or serial dilutions of pooled 
SN  in a  total  of 200 /~1  culture medium with  5%  FCS  and  100  ng/ml lipopolysaccharide 
(Escherichia coli 055:B5,  Difco Laboratories, Detroit, MI). The monolayers were washed once, 
and 10  4 ~lCr-labeled P815  tumor cells were added in 200/~1 culture medium with 5% FCS for 
a further 20 h. Plates were then centrifuged and 100 #1 of SN harvested for counting of gamma 
emission. MAF titers of pooled SN were expressed  as the reciprocal of the SN dilution that 1368  PRECURSOR  FREQUENCIES  OF LYMPHOKINE-SECRETING  T  CELLS 
produced 50% specific  51Cr release,  standardized by reference to a  control secondary mixed 
leukocyte culture SN (2 ° MLC SN)  (21) defined as  100 U/ml. 
Assay for GM-CSF.  GM-CSF activity was measured by the differentiation and proliferation 
of granulocytes and macrophages from bone marrow in a  modification of the liquid culture 
system of Marchal  and  Milon  (22). Triplicate wells  of Terasaki  microtest  plates  (Greiner) 
received  10  a adult BALB/c tibial bone marrow cells and 1 #1 of test microcuhure SN in a total 
of 10 #1 culture medium containing  20% heat-inactivated horse serum. Pooled SN were assayed 
by culturing bone marrow cells with serial dilutions of SN in groups of 30 wells per SN dose. 
After 5-7 d incubation at 37°C, plates were scored  microscopically for growth. GM-CSF titers 
for pooled SN were expressed  as the reciprocal of the SN dilution that produced growth in 50% 
of the test wells, standardized by reference to a control 2  ° MLC SN (100 U/ml). Histochemical 
staining has shown that the cells that proliferate in these  cultures are of the granulocyte and 
macrophage lineages (D. Heumann, personal communication). 
As GM-CSF may be produced in vitro in low but detectable quantities by non-T spleen 
cells,  a  limiting number of indicator bone marrow  cells  (10  a)  and a  low  concentration of 
microculture SN (10%) were cultured so that the upper limit (mean plus 3 SD) of control well 
counts was usually only 50-100 cells/well, which facilitated scoring of test wells. The average 
frequency of responding bone marrow progenitors in this system at optimal GM-CSF concen- 
trations is  1/356  (mean of seven determinations, range 1/502-1/273). The mean probability 
that a well did not receive a progenitor from 10  a cells is therefore 0.07, and the probability that 
the three test wells for each SN did not receive a progenitor is 0.0003. Under these conditions, 
the sensitivity of the CSF assay was similar to that of the IL-2 and MAF assays in that ~0.3  1% 
2  ° MLC SN gave 50% of the maximal response for each lymphokine. 
Statistical Methods.  For all  cytolytic and lymphokine assays,  positive microcultures were 
defined as those  in which activity exceeded that in control wells (no responder cells) by more 
than 3 SD above the mean. In the GM-CSF assay,  the mean cell number in control wells was 
calculated from the highest cell count from each triplicate, and test SN were considered positive 
when they stimulated growth in at least one of the triplicate microtest wells. Minimal estimates 
of precursor frequency for each activity were obtained by the minimum Chi  2 method from the 
Poisson distribution relationship between the responding cell number and the logarithm of the 
percentage of nonresponding cultures (23). 
Results 
Precursor frequencies of lymphokine-secreting cells in normal spleen populations 
were  determined  in  a  modification  of  the  limiting dilution  microculture  system 
previously established in this laboratory for frequency analysis of alloreactive cytolytic 
and proliferating T  lymphocytes (13). Graded numbers of C57BL/6 responder spleen 
cells were cultured with irradiated DBA/2 stimulator spleen cells in the presence of 
a  saturating dose of IL-2-containing  supernatant (EL-4 SN). After 7-9 d  incubation, 
an  aliquot  of each  microculture was  removed  for  assay  of cytolytic activity.  The 
remaining cells were washed extensively to remove residual IL-2 and GM-CSF present 
in the EL-4 SN and restimulated for 24 h  by addition of irradiated T  cell-depleted 
DBA/2 spleen cells. Supernatants were then removed for assays of the lymphokines 
IL-2, MAF, and GM-CSF. 
The requirement for restimulation of limiting  dilution microcultures for the efficient 
detection of lymphokine-secreting  cells could be examined directly in the case of MAF 
because  it  is  not  present  in  the  EL-4  SN  used  as  a  source  of  IL-2  for  primary 
stimulation. Fig.  1 presents an experiment in which  MAF activity in primary  7-d 
microculture  SN  was  compared  with  those  taken  24  h  later  after  washing  and 
restimulation of the same cultures with irradiated spleen cells. The figure shows, first, 
that MAF activity could be detected in supernatants of some microcultures that had 
received responder lymphocytes but not in control wells containing stimulator cells ANNE  KELSO  AND  H.  ROBSON  MACDONALD  1369 
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Fzc.  1.  Comparison of MAF activity in limiting dilution microcultures before and after restimu- 
lation.  Groups  of 24  replicate  microcultures  were  established  from  the  indicated  numbers of 
C57BL/6 spleen responder cells with irradiated DBA/2 spleen stimulator cells and a source of IL-2. 
After 7 d incubation, microculture supernatants were removed for MAF assay (A). The cells in each 
microwell were washed and restimulated with irradiated T  cell-depleted  DBA/2 spleen cells,  and 
supernatants were collected  for MAF assay 24  h  later  (B).  Each  dot  represents the  activity  in a 
single microculture.  Positive cultures were defined  as those wherein activity  exceeded  the  mean 
activity in control wells (no responders, ....) by more than 3 SD (  ). 
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alone. In addition, it is apparent that the percentage of positive microcultures at each 
responder cell dose was significantly  higher 24 h  after restimulation  than in the  7-d 
cultures;  estimation of the frequency of precursors of MAF-secreting cells from these 
data by the minimum Chi  2 method  (23)  indicated  that  restimulation  increased  the 
apparent frequency by more than sixfold, from 4.6 to 30 precursors per  104 cells. 
The  kinetics  of  lymphokine  release  after  restimulation  was  then  examined  in 
F[o.  2.  Kinetics  of  lymphokine  release  after  re.stimulation  of limiting  dilution  microcultures. 
Microcultures  were  established  from  1,000 nylon  wool  column-  and  FACS-passed  (Table  I) 
C57BL/6 spleen responder cells. After 7 d incubation, cultures were restimulated, and supernatants 
were collected 24 h  (O), 48 h  (A), and 72 h  (C)) later. Supernatants from groups of 12 microcultures 
were pooled and titrated in the assays for IL-2 (A), MAF (B), and GM-CSF (C). IL-2 activity was 
assayed on the CTLL line;  background incorporation in the absence of SN was 201 cpm (  .....  ). No 
activity in any assay was detected  in SN from microcultures that did  not receive responder cells, 
with the exception of the 72-h  SN in the GM-CSF assay (25% positive wells at  10% SN concentra- 
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microcuhures established from 1,000 C57BL/6 spleen cells enriched for T lymphocytes 
by passage over nylon wool columns. Supernatants  from groups of 12 microcultures 
were collected 24,  48, and  72 h  after restimulation, pooled, and titrated  in the three 
lymphokine assays. As shown  in  Fig.  2,  the supernatants  produced  sigmoidal dose- 
response curves in each assay, with comparable thresholds  of detection  of the three 
activities (~0.5-1% supernatant concentration). These assays indicated that maximal 
activities of each factor were already present 24 h  after restimulation and that, in the 
case of MAF and GM-CSF, the activities did not  vary significantly in supernatants 
collected at different times. As IL-2 activity was approximately threefold lower after 
72  h  than  24  h  in  this  experiment,  and  as  previous  studies  had  shown  that  IL-2 
disappears  rapidly  from  the  supernatant  of  2 °  MLC  after  24-48  h  (21),  a  24-h 
restimulation  period was chosen  for the subsequent  precursor frequency determina- 
tions. 
The relationship between the precursor frequencies of cells producing IL-2, MAF, 
and GM-CSF  and  the  Lyt-2 phenotype of the  responder cells was examined  using 
positively and  negatively selected  Lyt-2  +  and  Lyt-2- subpopulations  in  a  series  of 
experiments, one of which is presented in detail in Figs.  3 and 4.  In this experiment, 
responder C57BL/6 splenic T  lymphocytes were separated before culture into Lyt-2  ÷ 
and Lyt-2- fractions by staining of nylon wool column-purified cells with a monoclonal 
anti-Lyt-2 antibody and fluorescein-conjugated anti-Ig and sorting into stained and 
unstained cells using a FACS. Fig. 3 shows data obtained for individual microcultures 
of unselected and separated responder cells in the quantitative assays for CTL, IL-2, 
and  MAF.  In  each  assay,  increasing  the  number  of responder  cells  increased  the 
percentage of positive microcultures  and  produced  cultures  where  activity reached 
80-100% of maximal levels. It can be seen that the MAF assay was particularly well- 
suited to this experimental approach as the activity of positive microcultures generally 
clustered at 80-100% of total releasable cpm with few weakly positive cultures. 
Supernatants  from the same microcultures were also tested  for GM-CSF activity. 
These results and the data shown in Fig. 3 are presented in Fig. 4 as semilogarithmic 
plots  of  the  percentage  of  nonresponding  microcuhures  against  the  number  of 
responder cells cultured.  Minimal estimates of the frequencies of precursors for each 
function  in  each responder population  can  be made from the slope of these curves 
provided they fit the Poisson distribution  (23).  It can be seen  from these  frequency 
estimates that the majority of precursors for CTL were found in the Lyt-2  + responder 
population, whereas those for IL-2 production were present in the Lyt-2- population. 
Compared  with  the  unselected  population,  the  frequency of CTL-P was  increased 
approximately  threefold  in  the  Lyt-2  ÷  fraction  that  represented  33%  of the  total 
cells,  and  the frequency of precursors for IL-2 production  was increased  1.5-fold  in 
the Lyt-2- fraction  (67%).  In contrast, precursors of MAF- and GM-CSF-producing 
cells were found in significant numbers in both the Lyt-2  ÷ and Lyt-2- fractions, but 
at three- to fourfold lower frequency in the Lyt-2  + than the Lyt-2- population. 
The  lower  precursor  frequency  of  MAF-  and  GM-CSF-secreting  cells  among 
Lyt-2  + compared with  Lyt-2- cells  raised  the  possibility that  culture  and/or  assay 
conditions  might  have been  less  efficient  for the  detection  of lymphokine-secreting 
Lyt-2  +  than  Lyt-2- cells.  A  control  experiment  was  therefore  performed  in  which 
multiple microcultures were established with  1,000  FACS-passed unselected,  Lyt-2  ÷ 
or Lyt-2- responder cells.  After 7 d, when all microwells contained visible lymphocyte ANNE  KELSO AND  H.  ROBSON  MACDONALD 
UNSELECTED  Lyt-2  +  Lyt-2  - 
1371 
1200" 
1000  4 
T 
soo  :  .~  .  i  ! 
& 
600-  =  "  :  : 
:  '° 
400 -  ~,  =  t  ¢,  :  ! 
0  ,  =  i  t  ,  '  f  t  *  i  ' 
CTL-P 
k- 
8000-  =  ! 
--~  6000-  = 
•  "~'  IL-2 
•  .  ..... 
1  i  ,==  ---.  ...=~,n=,.d,,,.-~  ,-"lm"O-t-;:  =~,  ~.-.--11  .........  t.--  m  ;  ,  -'T"  ,  ,  , 
U  0  ~:  1  ,  ,  ,  l 
MAF  "  , 
T  •  | 
5OOO- 
4OO0- 
3000- 
2000- 
1000" 
0  i  r  ,  ,  T 
0  37.5  75  150  300  37.5  75  150  300  37.5  75  150  300 
RESPONDING  CELLS  PER  CULTURE 
FIO.  3.  Cytolytic, IL-2,  and  MAF  activity in  limiting dilution microcultures of T  lymphocytes 
separated according to  Lyt-2 phenotype.  Nylon wool column-purified C57BL/6  spleen cells were 
stained with a  rat  monoclonal anti-Lyt-2 antibody and  fluorescein-conjugated mouse anti-rat  Ig 
and  passed on  a  FACS  gated to  exclude nonviable cells. Cells were sorted  into  Lyt-2  +  (33%)  or 
Lyt-2- (67%) fractions or collected without regard to fluorescence intensity (unselected) and cultured 
at the indicated numbers in groups of 32 microcuhures.  After 7 d  incubation, microcuhures were 
split and one aliquot tested for cytolytic activity against 51Cr-labeled P815 tumor cells (top panels). 
The other aliquot was restimulated and SN collected after 24 h  for assay of IL-2 (using the BD.2.10 
line; middle panels) and MAF (lower panels). 
growth, the cultures were washed and restimulated; supernatants were then harvested 
and pooled from  groups of 12  microwells after 24,  48, and  72  h  and  titrated in the 
IL-2, MAF, and GM-CSF  assays, as described above in Fig. 2.  It can  be seen  from 
Table I that for each responder population, approximately equivalent MAF and GM- 
CSF activities were present in supernatants collected at the three time points. IL-2, on 
the other hand,  was  only detected in supernatants  from  the unselected  and  Lyt-2- 
populations, in accordance with the precursor frequency results presented above, and 
was higher in 24-h supernatants than in those collected after 48 or 72 h. These results 
substantiate  the choice of a  24-h  restimulation  period  for the optimal  detection of 1372  PRECURSOR  FREQUENCIES  OF  LYMPHOKINE-SECRETING T  CELLS 
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Fro.  4.  Comparison of precursor frequencies of CTL and lymphokine-secreting cells in T  lympho- 
cyte populations separated according to Lyt-2 phenotype. The data from Fig.  3 and results of GM- 
CSF assays performed with the  same microcuhure supernatants are  plotted  in  accordance  with 
Poisson statistics by the minimum Chi  2 method for the three responder populations: unselected cells 
(O), Lyt-2  + cells  (O), and Lyt-2- cells  (A). 
TABLE  I 
Kinetics of Lymphokine Release after Restimulation of Microcultures Established from Spleen Cells 
Separated According to Lyt-2 Pheno~pe 
Lymphokine titer$ 
Responder  IL-2  MAF  GM-CSF 
population* 
24 h  48 h  72 h  24 h  48 h  72 h  24 h  48 h  72 h 
Unselected  3.3  1.3  1.1  127  72  69  56  74  119 
Lyt-2  35.0  24.5  5.5  576  709  656  322  329  361 
Lyt-2  +  <0.1  <0.1  <0.1  50  62  58  34  57  30 
None  <0.1  <0.1  <0.1  <1  <1  <1  <2  <2  4 
* Nylon  wool  column-purified  C57BL/6  spleen  cells  separated  into  Lyt-2 +  (32%) and  Lyt-2-  (68%) 
populations  or  similarly  treated  without  separation  (unselected)  were  cultured  in  limiting  dilution 
mierocuhures at  1,000 cells per well. After 7 d, cultures were washed and restimulated with irradiated T 
cell-depleted  DBA/2  spleen cells.  Supernatants were collected  after  24,  48,  or  72  h  and  pooled  from 
groups of  12  replicate  cultures.  Results  for the  unselected  population  in  the  same experiment  were 
presented graphically in Fig. 2. 
:~ IL-2 assays were performed using the CTLL line as indicator cells.  Lymphokine titers are expressed as 
the reciprocal of the SN dilution that  produced 50% of the maximal response (IL-2:44,700  cpm with 
EL-4 SN; MAF: 5,100  cpm 51Cr release from P815  target cells incubated with 0.5  N  HCI, corrected for 
background release  of 31%; GM-CSF:  29 out of 30 wells positive for growth on day 5). 
lymphokines  released  by both  Lyt-2  +  and  Lyt-2- populations.  However,  they  also 
indicate that the average quantitites of MAF and GM-CSF produced by the Lyt-2  + 
population  were about  10-fold less than  those  produced  by equivalent  numbers  of 
Lyt-2- responder cells. 
Table  II  summarizes  the  results  of the  experiment  described  in  Figs.  3  and  4 
(number  1)  and three others. The first two were performed with nylon wool-purified, 
positively selected Lyt-2  + and Lyt-2- cells, as described above. In the third and fourth ANNE  KELSO  AND  H.  ROBSON  MACDONALD  1373 
TABLE II 
Summary of Precursor Frequencies of CTL and Lymphokine-producing Cells in Spleen Cells Separated 
According to Lyt-2 Phenotype * 
Precursor frequency (per 104 cells) 
Activity  Unselected  Lyt-2-  Lyt-2  + 
1:~  2  3  4  1  2  3  4  1  2 
CTL  37  51  25  31  1.8  0.7  0.6  1.4  99  46 
IL-2  58  38  32  23  93  98  40  26  2.5  2.0 
MAF  123  66  30  85  135  87  45  95  38  25 
GM-CSF  185  36  NT§  111  217  57  NT  118  56  18 
* Limiting  dilution  microcultures  were  established  from  C57BL/6  spleen  responder  cells,  either  with 
positive  selection  in  experiments  1 and  2  (33%  and  35%  Lyt-2  +  cells  respectively),  or  with  negative 
selection by anti-Lyt-2 antibody and C  treatment in experiments 3 and 4. 
Experiment number. 
§ Not tested. 
experiments, the responder population consisted of unfractionated spleen cells with or 
without  depletion of Lyt-2  + lymphocytes by treatment with antibody and  comple- 
ment. Essentially the same results were obtained in each case. Whereas the precursors 
of CTL and  IL-2-producing cells were found almost  exclusively in  the Lyt-2  + and 
Lyt-2- fractions, respectively, the precursors of MAF- and GM-CSF-producing cells 
were present in both of these subpopulations. As noted above, the precursor frequencies 
of cells releasing MAF and GM-CSF were three- to fourfold lower in the Lyt-2  + than 
the Lyt-2- population. 
Discussion 
The  present  report  describes  for  the  first  time  the  simultaneous  estimation  of 
precursor  frequencies  for  T  lymphocytes  secreting  IL-2,  MAF,  and  GM-CSF  in 
normal  C57BL/6 spleen cells responsive to the combined  H-2  plus  Mls  allogeneic 
stimulus of DBA/2 spleen cells. By the combination of flow cytometry, a microculture 
system for the activation of unprimed lymphocytes at limiting dilution, and sensitive 
microassays for cytolytic and lymphokine activities, it has been possible to compare 
directly in each series of microcultures the frequencies of lymphokine-secreting cells 
and cytolytic T  lymphocytes in populations separated according to Lyt-2 phenotype. 
The Lyt-1 phenotype was not taken into consideration in this study in view of recent 
demonstrations by several laboratories that this marker is expressed by essentially all 
T  lymphocytes (24-26). 
The three lymphokines assayed in these experiments were chosen because they have 
been shown to be functionally and biochemically separable and  to act on different 
target  populations.  Thus,  analysis  of the  soluble  products  of T  cell  clones  (11) 
indicated  that  IL-2,  MAF,  and  GM-CSF  could  be  produced  independently  by 
different  clones,  whereas  biochemical  approaches  have  clearly  demonstrated  that 
IL-2 and GM-CSF are separate molecular species (27). IL-2 appears to act exclusively 
as a growth factor for T  lymphocytes (28), whereas GM-CSF is a differentiative and 
proliferative stimulus for committed progenitor cells of the myeloid lineage (29), and 
MAF appears to be a  nonproliferative, activating stimulus for differentiated cells of 
the monocyte/macrophage series (20,  30). Although the target populations of MAF 1374  PRECURSOR  FREQUENCIES OF  LYMPHOKINE-SECRETING T  CELLS 
and GM-CSF may overlap and these factors may have additional  as yet undefined 
effects, comparison of supernatants  from various T  cell clones and  tumor lines  (11) 
has shown that each of the assays used here is specific for the activity being measured 
and is not influenced by the presence of the other lymphokines. 
Primary activation of alloreactive lymphocytes was performed in limiting dilution 
microcultures by stimulation with allogeneic cells in the presence of exogenous IL-2, 
under conditions  previously defined  for the  generation of alloreactive cytolytic and 
noncytolytic T  lymphocytes (13).  This system was modified in the present study by 
the addition of a 24-h restimulation step, with allogeneic cells in the absence of growth 
factors, before harvest of culture  supernatants  for lymphokine assays. It was shown 
that restimulation increased the apparent precursor frequency of MAF-secreting cells 
by approximately sixfold (Fig.  1) and that 24 h was optimal for the release of maximal 
IL-2, MAF,  and GM-CSF activities in positive microcultures  (Fig.  2  and  Table I). 
Sensitive  conditions  for  the  detection  of lymphokines  in  culture  supernatants  had 
previously been defined in studies with long-term T  cell clones (10,  11). These studies 
showed that MAF and IL-2 release was antigen specific, occurred within several hours 
of restimulation,  and  could  not  be  detected  in  supernatants  of irradiated  T  cell- 
depleted stimulator spleen cells cultured alone. GM-CSF, on the other hand, is known 
to be released by many cell types in addition to T  lymphocytes (29).  However, as this 
constitutive release by non-T cells is much lower than production by antigen-stimu- 
lated T  cells, parameters of the GM-CSF assay could be defined so that background 
activity released by stimulator cells alone was not detected.  Under these conditions, 
the  thresholds  of detection  of the  three  lymphokine assays were similar  (Fig.  2).  It 
should be noted that the three lymphokine assays required only 100 ~1 of the  150 #1 
of supernatant  harvested from each limiting dilution  microculture.  It would clearly 
be  feasible  to  test  other  lymphokine activities  in  the  same  supernatants,  provided 
sensitive microassays suitable for "spot-testing" are available. 
The relationship between Lyt-2 phenotype and the precursor frequencies ofcytolytic 
and  lymphokine-secreting cells was examined  both by negative selection with  anti- 
Lyt-2 antibody and complement and by positive selection using a  flow cytometer to 
separate Lyt-2  + and Lyt-2- subpopulations. Equivalent results were obtained by both 
approaches. 
First,  essentially all precursors of CTL were found  in  the  Lyt-2  + population  (57- 
fold more on average than in the Lyt-2- fraction). This result  is in agreement with 
many previous reports that both precursor and effector cytolytic T  lymphocytes bear 
the Lyt-2 marker (26,  31,  32).  In addition,  the CTL precursor frequencies obtained 
here (1  in 300-400  for unfractionated  spleen cells,  1 in  100-200  for Lyt-2  + cells)  are 
comparable  with  those  recorded  in  earlier  studies  for  the  C57BL/6  anti-DBA/2 
combination  (12)  and thus provide a positive control that efficient conditions for the 
activation of Lyt-2  + precursors had been achieved. It could not be determined here 
whether  the  occasional  cytolytically  active  microculture  established  with  FACS- 
separated  Lyt-2- responders  was derived  from Lyt-2- precursors  or contaminating 
Lyt-2  + cells.  However, the low frequency of such cultures suggests that contamination 
of the Lyt-2- fraction with Lyt-2  + cells was <2%. 
The second finding, that the precursors of IL-2-secreting cells were present at much 
higher  (average of 42-fold)  frequency in  the  Lyt-2- than  the  Lyt-2  + population,  is 
more controversial. Three groups (33-35)  have reported that, at least in bulk MLC, ANNE KELSO AND H. ROBSON MACDONALD  1375 
Lyt-2  + ceils responding to H-2K/D region stimulation produce comparable quantities 
of IL-2 as  Lyt-2- cells responding to H-2I or Mls  stimulation.  In  contrast, similar 
analyses of bulk cultures in this (A. L. Glasebrook and H. R. MacDonald, unpublished 
observations)  and  other laboratories  (36)  have detected little or no soluble or cell- 
mediated "helper" activity in the absence of H-2I or Mls antigenic disparity, even 
when purified Lyt-2  + responder populations were used.  Although  there is evidence 
that a  subpopulation of Lyt-2  + H-2K/D-reactive lymphocytes, including CTL, can 
release IL-2 (A. L. Glasebrook, manuscript in preparation), the present study as well 
as those by Lutz et al.  (37), Miller and Stutman (38), and Kr6nke et al. (39)  suggest 
that the frequency of such cells is much lower than the frequency of IL-2-secreting 
cells  in  Lyt-2-  H-2I-  or  Mls-reactive  populations.  Thus,  Lutz  et  al.  found  that 
although  H-2K or  D  region-reactive helper T  cells could  be  detected  in  primary 
limiting dilution microcultures, the precursor frequencies of helper cells responding to 
H-2I  and  non-H-2  (putatively Mls)  determinants  were respectively 6-  and  20-fold 
higher.  Similarly, Miller and  Stutman  (38)  and  Kr6nke et al.  (39)  observed much 
higher frequencies of IL-2-secreting cells in Lyt-2- populations compared with Lyt-2  + 
cells and in Mls-reactive compared with H-2-reactive unfractionated populations. 
In considering this apparent dissociation, it is important to note that T lymphocytes, 
and particularly Lyt-2  + cells, have specific membrane receptors for IL-2 (40).  Thus, 
it cannot be excluded that the low apparent frequencies of Lyt-2  + precursors of IL-2- 
secreting cells observed in  this and  other studies  may result, at  least  in  part,  from 
IL-2 absorption during the culture period. Despite these potential limitations to the 
quantitation  of IL-2-secreting cells,  it seems  likely that  the observation of a  much 
higher precursor frequency in separated  Lyt-2- than Lyt-2  + populations is qualita- 
tively valid. In this case, these results and those of Lutz et al., Miller and Stutman, 
and  Kr~nke et al.,  are consistent with  the view that  most  of the IL-2 produced in 
response to alloantigenic stimulation is released by Lyt-2- cells that respond prefer- 
entially to H-2I or Mls antigens. 
The third  finding  described here is  that,  in  contrast  to IL-2,  precursors of cells 
secreting MAF and GM-CSF were present in both the Lyt-2  + and Lyt-2- lymphocyte 
populations. Precursor frequency determinations for cells releasing these two factors 
have not been reported before; however, the observation by Krammer et al. (41) that 
a high proportion of both cytolytic and noncytolytic cells in concanavalin A-activated 
populations release interferon-y may be related in  view of the correlation between 
production of this factor and MAF by long-term T  cell clones (11). The finding of the 
present study that the MAF (and GM-CSF) assay detected the majority of responding 
Lyt-2- cells but only about one-third of responding Lyt-2  + cells was unexpected in 
view of our previous analysis of MAF release by a  large group of long-term T  cell 
clones (11; unpublished observations). Of the alloreactive clones studied, 15 out of 17 
cytolytic clones directed against H-2K and H-2D antigens and 21 out of 24 H-2I- or 
Mls-reactive noncytolytic clones were MAF secretors. There was, therefore, no indi- 
cation that  the incidence of MAF-secreting cells was higher among Lyt-2- H-2I or 
Mls antigen-reactive than Lyt-2  + H-2K/D-reactive clones. This apparent discrepancy 
between short-term and long-term clones could reflect (a) selection of MAF-producing 
Lyt-2  ÷  clones  with  continued  in  vitro  culture,  (b)  suboptimal  conditions  for  the 
detection  of lymphokine-secreting Lyt-2  +  cells  at  limiting  dilution,  or  (c)  weaker 
(subthreshold) factor production by Lyt-2  + than Lyt-2- cells. 1376  PRECURSOR  FREQUENCIES OF  LYMPHOKINE-SECRETING T  CELLS 
No information is yet available about the first of these alternatives. However, the 
latter two possibilities were addressed  directly for the limiting dilution  protocol by 
comparing the  amounts  of MAF,  GM-CSF,  and  IL-2 present  in  pooled  microwell 
supernatants from unselected, Lyt-2  + and Lyt-2- responder cells at various intervals 
after restimulation (Table I). For both MAF and GM-CSF, approximately equivalent 
activities were detected in supernatants collected after 24, 48, and 72 h  from all three 
responder populations. This result paralleled previous studies  (9,  11)  where lympho- 
kine activities in supernatants from cytolytic and noncytolytic long-term clones were 
found to be maximal by 24 h  and, for all factors except IL-2, to remain at the same 
level for a week thereafter. There was, thus, no evidence that harvesting supernatants 
24 h  after restimulation  favored the detection of lymphokine production  by Lyt-2- 
cells over Lyt-2  + cells.  This experiment  also  indicated  that  the  average MAF  and 
GM-CSF activities released by Lyt-2  + cells were 10-fold lower than those from Lyt-2- 
cells.  This weaker total production  by Lyt-2  + cells can be attributed  in  part to the 
threefold  lower precursor  frequency  of cells producing  these  factors among Lyt-2  + 
than Lyt-2- cells, but may point further to lower average production by those Lyt-2  + 
cells that do secrete MAF and GM-CSF.  Some support  for this possibility has been 
obtained with long-term alloreactive clones, where the average titers of MAF released 
by cytolytic H-2K/D-reactive clones were found to be 2- to 3-fold lower than average 
production by noncytolytic H-2I- or Mls-reactive clones (unpublished observations). 
The limiting dilution approach used here has the important advantage over work 
with  expanded  clones  that  the  frequency of responsive  lymphocytes with  different 
functions can be determined in unprimed populations with a  minimum of selection 
by  in  vitro  culture.  Experiments  are  now  in  progress  to  compare  the  precursor 
frequencies  of  lymphokine-producing  cells  among  T  lymphocytes  responding  to 
defined  regions  of the  H-2 complex or the  M  locus,  where  gross  differences in  the 
frequencies  of CTL-P  and  helper  or  IL-2-secreting T  lymphocyte precursors  have 
already  been  noted  (37-39;  H.  R.  MacDonald  and  J.-C.  Cerottini,  unpublished 
observations). 
The  main  new  finding  reported  here,  that  most  Lyt-2-  and  about  one-third  of 
Lyt-2  + alloreactive T  lymphocytes are precursors  of MAF-  and  GM-CSF-secreting 
cells, may have important implications for our understanding of in vivo alloreactivity. 
Thus, in addition to the well-established in vitro functions of Lyt-2  + cells in cytolysis 
and  of Lyt-2-  cells  in  IL-2  production,  both  these  populations  may  amplify  the 
immune  response  nonspecifically  by  release  of factors  that  induce  differentiation, 
proliferation,  and  activation of cells of the granulocyte and monocyte/macrophage 
lineage. 
Summary 
The frequencies of precursors of C57BL/6 T  lymphocytes that respond to DBA/2 
alloantigens by secreting the lymphokines interleukin 2 (IL-2), macrophage-activating 
factor  (MAF),  and  granulocyte-macrophage  colony-stimulating  factor  (GM-CSF) 
have been  directly  compared with  cytolytic T  lymphocyte precursor  (CTL-P)  fre- 
quencies in limiting dilution microcuhures established from spleen cells positively or 
negatively selected on the basis of Lyt-2 phenotype. A clear dichotomy was observed 
between CTL-P, which were contained in the Lyt-2  + fraction, and precursors of IL-2- 
secreting cells, which were detected  almost exclusively in  the Lyt-2- population.  In ANNE KELSO AND H.  ROBSON  MACDONALD  1377 
contrast, precursors of cells secreting MAF  and GM-CSF  were found in both popu- 
lations:  almost  all  responding  cells  from  the  Lyt-2-  fraction  produced  both  these 
factors,  whereas  the  precursor  frequency  of MAF-secreting and  GM-CSF-secreting 
cells was three- to fourfold lower in the Lyt-2  + population. These frequency data were 
consistent with  quantitative differences observed in the average production of these 
lymphokines by Lyt-2  + and Lyt-2- populations. 
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